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Global Reaction Pathways in the Photodissociation of I;~
lons in Solution at 267 and 400 nm Studied by Picosecond

X-ray Liquidography
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The mechanism of a photochemical reaction involves the for-
mation and dissociation of various short-lived species on ultra-
fast timescales and therefore its characterization requires de-
tailed structural information on the transient species. By
making use of a structurally sensitive X-ray probe, time-re-
solved X-ray liquidography (TRXL) can directly elucidate the
structures of reacting molecules in the solution phase and thus
determine the comprehensive reaction mechanism with high
accuracy. In this work, by performing TRXL measurements at
two different wavelengths (400 and 267 nm), the reaction
mechanism of |5~ photolysis, which changes subtly depending

1. Introduction

Photochemical reactions often occur on ultrafast timescales
and involve the formation and dissociation of various short-
lived chemical species. To elucidate the mechanism of such re-
actions, detailed structural information on the transient species
is required. For that purpose, various time-resolved optical
spectroscopic techniques have been used to capture the dy-
namics of rapidly reacting molecules with high sensitivity and
temporal resolution.™® However, in the typical time-resolved
spectroscopic techniques, the observables are related to opti-
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on the excitation wavelength, is elucidated. Upon 400 nm pho-
toexcitation, the I;~ ion dissociates into I,” and I. By contrast,
upon 267 nm photoexcitation, the I;~ ion undergoes both two-
body dissociation (I,”+1) and three-body dissociation (I~ + 2I)
with 7:3 molar ratio. At both excitation wavelengths, all the
transient species ultimately disappear in 80 ns by recombining
to form the I3~ ion nongeminately. In addition to the reaction
dynamics of solute species, the results reveal the transient
structure of the solute/solvent cage and the changes in solvent
density and temperature as a function of time.

cal resonances of the molecules and cannot be correlated di-
rectly with the changes in atomic arrangement of the mole-
cules. As an alternative, replacement of the optical probe by
structural probes, such as X-ray absorption”"' or X-ray diffrac-
tion,""*? allows us to directly obtain the detailed structural in-
formation including the structure of short-lived solute species
and solvent rearrangement around the solutes. Based on this
idea, time-resolved X-ray liquidography (TRXL) or so-called
time-resolved X-ray solution scattering has been applied to
various solution-phase molecular systems ranging from small
molecules!" and proteins®*?? to nanoparticles® "' and pro-
tein—nanoparticle complexes,” thereby revealing the reaction
pathways and intermediates of the reactions.
Photodissociation of the I;~ ion in solution was studied by
using various time-resolved spectroscopic techniques.?’=” One
of the main interests in those studies was the reaction mecha-
nism that varies with the excitation wavelength. Upon UV exci-
tation, in principle the I;~ ion has three candidate dissociation
channels: two-body dissociation (I,” +1), three-body dissocia-
tion (I"+1+1), and I, formation (I,+17) as depicted in Figure 1.
Ruhman and co-workers identified two-body dissociation of I~
in ethanol upon photoexcitation at 308 nm by detecting the
coherent oscillation of the transient absorption signal that
arises from coherently excited vibrational motion of the I,~
fragment.””53 They also measured faster processes, such as
vibrational dephasing and geminate recombination of the I,~
fragment, which occur on the timescales of 400 fs and 4 ps, re-
spectively. Later, Vohringer and co-workers studied photodisso-
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Figure 1. Schematic of candidate reaction pathways for photodissociation of the I;~ ion in solution: two-body dis-
sociation (I, +1), three-body dissociation (I~ + 2I), and another two-body dissociation leading to I, formation

(I +1).

ciation of the I;~ ion using transient absorption at two differ-
ent excitation wavelengths, 266 and 400 nm, and determined
the transient population distribution of vibrational states and
the quantum yield of the I,~ fragment formation (that is, two-
body dissociation).”” From that study, it was found that the
quantum yield of two-body dissociation is almost unity with
400 nm excitation but decreases to 0.8 with 266 nm excitation.
This reduced quantum vyield was attributed to the increasing
contribution of the three-body dissociation (I” +14-1) pathway.
However, evidence of three-body dissociation was not directly
observed in the transient absorption measurement because
transient absorption at the probe wavelength was sensitive to

—s O+ + @

Three-body dissociation

o o+

> Y " + @ photodissociation  depending
Two-body dissociation on the excitation wavelength
(I7+1) by directly measuring the struc-
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tures of transient solute species,
the cage environment, and the
solvent hydrodynamics by using
TRXL.

TRXL can determine the bond
lengths with sub-angstrom ac-
curacy, which is crucial for keep-
ing track of the structural
changes of reacting molecules.
For I~ photodissociation, we
need to characterize I-I distan-
ces of five |-l pairs: I,—l, -5,
and |,—I; of the parent I;” molecule, -1 of I,, and |-l of the I,~
fragment. Especially, the |-l distances of I, and I,~ are very dif-
ferent from each other, as shown in Figure 2, and can be used
as criteria for distinguishing between three different reaction
pathways. By taking advantage of the superb structural sensi-
tivity of TRXL, we are able to determine the branching ratio of
various reaction pathways depending on the excitation wave-
length.

As shown in Figure 3a, the I;~ ion can be photoexcited at
a wavelength of either 267 or 400 nm. We performed high-

(I7+1+1)

I, formation
(I +15)

the I,~ fragment, but not to the photoproducts of three-body (a)
dissociation (I and I7). In contrast, because X-rays scatter off all
the atoms in a molecule, TRXL can detect any intermediates
and products of the reaction. Furthermore, it is also sensitive a
to solute-solvent interaction (cage term) induced by the for- ©
mation of transient solute species. Thus, TRXL is well suited for 267 nm
studying the entire pathways of a reaction."2*3* |n this 400nm
work, we investigated the change of reaction mechanism of I~ . . . . . . :
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Figure 2. Theoretical difference radial distribution functions (RDFs) corre-
sponding to three different reaction channels. The difference RDFs were
constructed by a combination of I-I distances for five |I-I pairs: I,—l,, I,—;,
and |,—I; of the parent I;~ molecule, I-I of I,, and |-l of I,”. The distance of
each |- pair is indicated as a line at the bottom. For the sake of clarity, here
only the contribution from the solute molecules is considered. The lines
above the baseline correspond to the positive contributions reflecting the
formation of bonds, whereas the lines below the baseline correspond to the
negative contributions reflecting the depletion of bonds.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3. a) Absorption spectrum of the I;~ ion in methanol solution. Two
different excitation wavelengths (400 and 267 nm) are indicated by vertical
arrows. b) Energies of the reaction pathways involved in the photodissocia-
tion of the I;~ ion obtained from DFT calculations. The energy of each path-
way was calculated by a combination of the energies of solute species in-
volved in the pathway. For convenience, the relative energy of the parent I;~
ion was set to zero. Although excitations at 400 and 267 nm both provide
enough energy for each reaction pathway to occur, the amount of excess
energy varies depending on the excitation wavelength and may change the
branching ratio between different reaction pathways.
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level density functional theory (DFT) calculations (details are
provided in the Experimental Section) to obtain the energies
for various reaction pathways involved in the photodissocia-
tion of the I;~ ion, as shown in Figure 3b. Although excitations
at 400 and 267 nm both provide enough energy for all reac-
tion pathways, the amount of excess energy varies depending
on the excitation wavelength and may change the branching
ratio between different reaction channels. In this work, we in-
vestigated the detailed reaction mechanism of photodissocia-
tion of the I;” ion in methanol by using TRXL measurements.
By comparing the reaction pathways on excitation at two dif-
ferent wavelengths (400 and 267 nm), we elucidate the wave-
length dependence of the reaction mechanism.

2. Results and Discussion

The scheme of TRXL experiments performed in this study is
shown in Figure 4. Scattering patterns, S(g,t), from I;~ solution
were measured at various positive time delays after laser exci-
tation (that is, the X-ray pulse arrives after the laser pulse). The
reference scattering pattern was also measured at a negative
time delay (that is, the X-ray pulse arrives before the laser
pulse) and was subtracted from the ones measured at positive
time delays to obtain the time-dependent difference scattering
patterns, AS(qg,t), which contain information on the structural
change of the reacting molecules only. For simple analysis and
improved signal-to-noise ratio, the difference scattering pat-
tern was integrated along the azimuthal direction to obtain
the difference scattering pattern. The details of the experimen-
tal procedure and analysis are described in the Experimental
Section. To study the wavelength dependence of the photodis-
sociation pathways, two different excitation wavelengths (400
and 267 nm) were used. To cover the entire time range of
a complete reaction including photodissociation, temperature
change, volume expansion, and nongeminate recombination,
we measured the difference scattering patterns at various time
delays spanning from 100 ps to 3 ps. Difference scattering

curves at 100 ps time delay with 400 and 267 nm excitations
are compared in Figure 4. The two scattering patterns are
clearly different, which indicates that the reaction pathways
change depending on the excitation wavelength.

Structural Parameters of Chemical Species Involved in the
Reaction

The structural parameters of the parent |;~ ion and transient
I,~ ion were determined in our previous work, as summarized
in Table 1."¥ The details of the structural analysis of I;~ and I,
ions are also described in our previous work. Briefly, to extract

Table 1. Structural parameters of the chemical species used in the data
analysis.

Structural parameter I3
h—l, I—l; h—ls

2,948 3.03% 5.97

Distance [A] 3.59% 2.66"

[a] Values determined by a previous TRXL study.*¥ [b] Value determined
by DFT calculation.

the structures of I;~ and I,” ions from the difference scattering
pattern at 100 ps time delay obtained from the TRXL measure-
ments, least-squares fitting was employed with four variable
structural parameters. The variables are three || distances for
the I;” ion (R;, R,, and R; for the distances between |, and |,, |,
and |5, I; and 15, respectively) and the |-l distance for the I~
fragment (R,). The theoretical scattering pattern was calculated
by standard diffuse X-ray scattering formulas with these pa-
rameters as variables. The chi-squared (3 estimator was used
to calculate the deviation between the experimental and theo-
retical scattering patterns. By minimizing the x? value, we were
able to find the optimal structures of ;- and |, ions. From the
analysis, R;, R, R;, and R, were determined to be 2.94, 3.03,

5.97, and 3.59 A, respectively, with sub-angstrom ac-

hv X-ray
267 (NW14A, KEK)

or
400 nm

qAS(q)

t=100 ps [——267 nm
——400 nm|

curacy.*” The I-I bond length of |, was determined
to be 2.66 A by high-level DFT calculation, the details
of which are described in Experimental Section. This
value for the |-l bond length is close to the value
(2.67 A) determined from a TRXL experiment on 1, in
. CClL,"" We used these values of structural parame-

L} T T T

4q/A_16

'azimuthal
average

t=-3ns

Figure 4. Schematic of the TRXL experiment. Scattering patterns from I,~ solution are
measured before and after laser excitation and these patterns are subtracted from each
other to extract information on the structural change of the reacting molecules only. To
study wavelength-dependent pathways in the photodissociation, two different excitation
wavelengths (400 and 267 nm) were used. The one-dimensional scattering curve is ob-
tained by azimuthal averaging. Data are measured at well-defined time delays spanning
from 100 ps to 3 ps. Difference scattering patterns at 100 ps with 267 and 400 nm excita-
tion are compared and show slightly different features, thus indicating that the reaction

pathways change depending on the excitation wavelength.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

8 ters for the analysis presented herein.

Photodissociation of I;~ with 400 nm Excitation

Experimental difference scattering curves, gAS(q,t),
measured with 400 nm laser excitation at time
delays from 100 ps to 3 us are shown in Figure 5a.
As described above, the experimental difference
scattering curves were obtained by subtracting the
scattering signal measured at a negative time delay
(—3 ns) from the scattering signal measured at posi-
tive time delays. With the differencing scheme, only
the contributions from reacting molecules are em-

ChemPhysChem 2013, 14, 3687 -3697 3689
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Figure 5. Time-resolved difference X-ray scattering curves of the I;~ ion in
methanol measured with 400 nm laser excitation. a) Experimental difference
scattering curves, gAS(q,t), at various time delays (black) and their theoreti-

cal fits (red) are shown together. b) Corresponding difference RDFs, rAS(rt),
obtained by sine-Fourier transformation of gAS(qg,t) in (a).

phasized with all other contributions from nonreacting mole-
cules removed. The difference scattering intensities show oscil-
latory features along the g axis. Such oscillations are the signa-
tures of 1) structural change of reacting solute molecules,
2) change of solute-solvent interaction (cage), and 3) solvent
responses. The shape and amplitude of the oscillatory features
vary with the time delay, thus reflecting the reaction dynamics.
The amplitude of the difference scattering curve does not in-
crease at early time delays, which indicates that the photodis-
sociation occurs impulsively within our time resolution
(100 ps). The oscillatory features at high g values become
smaller in approximately 80 ns due to the recovery of the
parent |5~ ion by nongeminate recombination with the bimo-
lecular rate constant of 2.17(+1.44)x10"°m's™". The experi-
mental scattering curves were fitted by the maximum likeli-
hood estimation (MLE) using the y? estimator. Theoretical dif-
ference scattering curves are the best fits of the experimental
scattering curves and are shown in Figure 5a together with
the experimental curves.

The difference scattering intensities in g-space, gAS(g,t), can
be converted to difference radial intensities in real space,
rAS(rt), by sine-Fourier transformation. The resultant difference
radial distribution functions (RDFs) shown in Figure 5b repre-
sent the change of interatomic distances (r) in the molecules
participating in the reaction and thus provide a more intuitive
picture of the structural change of the molecules. For example,
positive and negative features in the difference RDFs indicate
the formation and elimination of an atomic pair at a certain
distance, respectively. Therefore, by analyzing the RDFs, we
can directly identify the chemical species involved in the reac-
tion and quantify the population of each species at an instant
during the progress of the reaction.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

From previous time-resolved spectroscopic studies on pho-
todissociation of the I;~ ion in the solution phase,”’=%¥ it was
found that two-body dissociation (I,” +1) is the major reaction
pathway. Also, it was proposed that the contribution of two-
body dissociation decreases with 266 nm excitation, probably
due to an increasing contribution of three-body dissociation
(I"+141). To confirm the results of the previous studies and
elucidate the detailed mechanism of I;~ photodissociation de-
pending on the excitation wavelength, we analyzed our TRXL
data by considering all the possible candidate reaction path-
ways: two-body dissociation (I,”+1), three-body dissociation
(I"+1+41), and two-body dissociation leading to I, formation
(I,+17). As X-rays scatter from every atom in the molecules,
the TRXL measurement should be equally sensitive to the
three reaction pathways. Details of the fitting and error analy-
sis are given in the Experimental Section and in our previous
Work.[13'14'18]

The results of fitting analysis for the TRXL data obtained
with 400 nm excitation are shown in Figure 6. The difference
scattering curve at 100 ps is presented as an example because

(a) (b)

= Experiment (1) H(12)
== Theory Pl Bl BN
== Residuals \I\ I ”,,I""\ P
i)l +1 w2 278 I3
) .
2=133 \/ ) 100 % I+ |
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i) 1+H+I-
i) 100 % I+I+I-

Difference Radial Intensity, rAS(r)
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Difference Scattering Intensity, gAS(q)
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Figure 6. Determination of the reaction pathway of I;- photodissociation in
methanol with 400 nm laser excitation in a) g-space and b) r-space. a) The
theoretical difference scattering curve (red) for each candidate pathway is
shown together with the experimental difference scattering curve at 100 ps
(black). The model employing only the two-body dissociation pathway gives
a much better fit than the models employing the three-body dissociation
and |, formation pathways, thus indicating that two-body dissociation is the
dominant reaction pathway with 400 nm laser excitation. The model em-
ploying all three reaction pathways gives the same quality of fit as the two-
body dissociation model with the contributions from the three-body dissoci-
ation and |, formation pathways converging to zero. b) RDFs, rAS(r,t), of the
solute-only term. Bond lengths and their contributions to various Il pairs
are indicated as red bars and dashed curves, respectively, at the top. The red
bars above the baseline correspond to the positive contributions reflecting
the formation of reaction intermediates and products, whereas the red bars
below the baseline correspond to the negative contributions reflecting the
depletion of the reactant (I;~ ion). With the model employing only two-body
dissociation, the experimental and theoretical RDFs of the solute-only term
are in good agreement.
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dissociated fragments are dominant at early time delays. It is
clearly seen in Figure 6a that the theoretical scattering curve
built from the two-body dissociation pathway fits the experi-
mental scattering curve much better than the ones built from
three-body dissociation or I, formation, with y* values of 1.33,
3.08, and 4.39 for two-body dissociation, three-body dissocia-
tion, and |, formation, respectively. To consider the possibility
that the three pathways occur simultaneously, we also tested
a fit with a linear combination of the three reaction pathways.
From the optimization of the branching ratio of the three
pathways, we found that the contributions from three-body
dissociation and |, formation converge to zero within the error
range. Thus, we confirmed that two-body dissociation is the
only reaction pathway of I;~ photodissociation with 400 nm ex-
citation.

By comparing the experimental and theoretical RDFs,
rAS(r,t), in real space as shown in Figure 6b, we can obtain
a more intuitive picture of the structural change involved in
each reaction pathway. The solute-only term was carefully ex-
tracted from the difference scattering curve at 100 ps to em-
phasize only the contribution from various |-l pairs of solute
molecules. The decomposition of the difference scattering
curves into solute, cage, and solvent terms is described in
Figure 10 and its related text. Bond lengths of various I-I pairs
are indicated as lines at the top of Figure 6b and can be used
as a guideline for identifying the detailed structural change of
reacting molecules. The lines above the baseline correspond to
the positive contributions reflecting the formation of reaction
intermediates and products, whereas the lines below the base-
line correspond to the negative contributions reflecting the de-
pletion of the reactant (I;~ ion). For the model employing only
the two-body dissociation (I, +1) pathway, the experimental
and theoretical RDFs match very well. For the model employ-
ing only the three-body dissociation (I+1+17) pathway, the re-
sidual (=experimental RDF—theoretical RDF; blue line) is posi-
tive at approximately 3.6 A, which corresponds to the I-I dis-
tance of the |,” ion. This observation means that more |I,~ ions
are formed in the experiment than in the three-body dissocia-
tion model. For the model employing only the I, formation
(I,+17) pathway, the residual is positive at approximately 3.6 A,
which is the |-I distance of the I,~ ion, and negative at approx-
imately 2.7 A, which corresponds to the I-I distance of I,. This
observation means that 1) more |,” ions and 2) fewer |, mole-
cules are formed in the experiment than in the I, formation
model. Thus, the nonzero residuals in both models support the
notion that only two-body dissociation occurs with 400 nm ex-
citation.

From the analysis of the data over the entire time range
from 100 ps to 3 ps, we also obtained the reaction dynamics
associated with the concentration changes of chemical species
involved in the reaction. Figure 9a shows time-dependent con-
centration changes of transient solute species after 400 nm
laser excitation. After photoexcitation, 32+5% of excited |5~
ions dissociate into I,” and | through two-body dissociation in
less than 100 ps, which is the time resolution of our experi-
ment. The parent I;~ ion is regenerated by nongeminate re-
combination of I,~ and | in approximately 80 ns with the bimo-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

lecular rate constant of 2.17(£1.44)x10"m~'s™". The timescale
of each step is summarized in Figure 12a. Besides the concen-
tration dynamics, we also obtained information on the temper-
ature change and volume expansion of solvent. The nonreact-
ing portion (68+5%) of excited I;~ ions dissipate the heat to
the environment and the temperature of the excited volume
increases by 0.41K at early time delays. After about 10 ns,
volume expansion occurs and the solvent density decreases by
0.42 kgm™* at late time delays.

Photodissociation of I, with 267 nm Excitation

Experimental difference scattering curves, gAS(g), measured
with 267 nm laser excitation at time delays from 100 ps to 3 us
are shown in Figure 7a. The TRXL data with 267 nm excitation
were acquired and analyzed in the same manner as the
400 nm excitation data. As for the 400 nm data, the difference
scattering intensities exhibit oscillatory features that vary with
time delay. However, as shown in the inset of Figure 4, the
267 nm data have different oscillatory features from the
400 nm data, which suggests that the reaction mechanism
changes with the excitation wavelength. Theoretical difference
scattering curves, which are the best fits of the experimental
scattering curves, are displayed together with the experimental
curves in Figure 7a. The difference scattering curves in g-space
were sine-Fourier transformed to difference RDFs in real space,
which are shown in Figure 7b.

(a) (b)

= Experiment = Theory

= Experiment = Theory

Difference Scattering Intensity, gAS(q)
Difference Radial Intensity, rAS(r)

”éps

T T
0 2

LI L B
8 10 12 14

riA

T 7T
4 6

gl A

Figure 7. Time-resolved difference X-ray scattering curves of the I;~ ion in
methanol measured with 267 nm laser excitation. a) Experimental difference
scattering curves, gAS(qg,t), at various time delays (black) and their theoreti-
cal fits (red) are shown together. b) Corresponding difference radial differ-
ence functions, rAS(rt), obtained by sine-Fourier transformation of gAS(qg,t)
in (a).
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Figure 8. Determination of the reaction pathway of I;~ photodissociation in
methanol with 267 nm laser excitation in a) g-space and b) r-space. a) The
theoretical difference scattering curve (red) for each candidate pathway is
shown together with the experimental difference scattering curve at 100 ps
(black). The models employing the two-body and three-body dissociation
pathways give similarly good fitting qualities, thereby indicating the possibil-
ity of multiple reaction pathways. The best fit was obtained with a model
employing all three reaction pathways. The optimum ratio of the contribu-
tions of two-body and three-body dissociation was determined to be 7:3,
whereas the |, formation pathway does not contribute at all. b) RDFs,
rAS(rt), of the solute-only term. Bond lengths and their contributions to vari-
ous || pairs are indicated as red bars and dashed curves, respectively, at the
top. The red bars above the baseline correspond to the positive contribu-
tions reflecting the formation of reaction intermediates and products,
whereas the red bars below the baseline correspond to the negative contri-
butions reflecting the depletion of the reactant (I~ ion). With the model em-
ploying the two-body and three-body dissociation pathways at a branching
ratio of 7:3, the experimental and theoretical RDFs of the solute-only terms
are in good agreement.

As for the 400 nm data, we performed the global fit analysis
of the 267 nm data by considering three candidate reaction
pathways. The results of the analysis are shown in Figure 8. We
present the difference scattering curve at 100 ps, since dissoci-
ated fragments are dominant at early time delays. It can be
seen that the model employing the two-body dissociation
pathway still fits the experimental curve better than three-
body dissociation or I, formation, with % values of 1.52, 1.88,
and 4.02 for two-body dissociation, three-body dissociation,
and |, formation, respectively. However, unlike the case of
400 nm excitation, the difference in the fit quality between the
two-body and three-body dissociation models is not large, and
the fit quality of the two-body dissociation model is worse
than for the 400 nm data. This observation suggests that the
reaction might proceed through multiple reaction pathways.
To consider the possibility that the three pathways occur si-
multaneously, we tried to fit with a linear combination of all
three reaction pathways. By optimizing the branching ratio of
the three pathways, we obtained the best fit (3= 1.39) when
the two-body and three-body pathways occur with a branching
ratio of 7:3, which is in contrast to the reaction mechanism

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

with 400 nm excitation. The results of the analysis for the 400
and 267 nm excitations are compared in more detail in the
next section.

To have a more intuitive picture of the structural change in-
volved in the reaction, the experimental and theoretical RDFs,
rAS(r,t), in real space are compared in Figure 8b. The solute-
only term was carefully extracted from the difference scatter-
ing curve at 100 ps to emphasize the contribution from various
I-I pairs of solute molecules. Bond lengths of various I-I pairs
are indicated as lines at the top of Figure 8b and can be used
as a guideline for identifying the detailed structural change of
reacting molecules. For the model employing only the two-
body dissociation (I,”+1) pathway, the quality of the fit is not
as perfect as that for the 400 nm case, and the residual (=ex-
perimental RDF—theoretical RDF; blue line) is slightly negative
at approximately 3.4 A, which is close to the |-l distance of the
I,~ ion. This observation means that fewer I,~ ions are formed
in the experiment than in the two-body dissociation model.
For the model employing only the three-body dissociation (I+
I+17) pathway, the residual is slightly positive at approximately
3.6 A, which corresponds to the |-l distance of the I,” ion. This
observation means that more |,” ions are formed in the experi-
ment than in the three-body dissociation model. Combining
these two observations, we can infer that two-body dissocia-
tion occurs less and three-body dissociation occurs more with
267 nm excitation than with 400 nm excitation, which agrees
with the result of the fitting analysis described above. If the
two-body and three-body dissociation pathways occur with 7:3
branching ratio, we can see that the experimental and theoret-
ical RDFs of the solute-only terms are in good agreement,
giving a negligible residual. Therefore, we conclude that the
two-body and three-body dissociation pathways occur com-
petitively with 267 nm excitation. The real-space RDFs ob-
tained from the best fits of the experimental difference scatter-
ing curves are compared for 400 and 267 nm excitations in the
next section.

We also obtained the reaction dynamics related to the con-
centration changes of chemical species involved in the reac-
tion. Figure 9b shows the time-dependent concentration
changes of transient solute species after 267 nm laser excita-
tion. After photoexcitation, 28 3% of excited |;~ ions dissoci-
ate into 1) I,” +1 through two-body dissociation and 2) 2I+1~
through three-body dissociation in less than 100 ps. During
the reaction, the I,” ion is formed by nongeminate recombina-
tion of I and | in about 60 ns with the bimolecular rate con-
stant of 4.61(+1.97)x10"°m 's™! and the parent I,” ion is re-
generated by nongeminate recombination of I,” and | in ap-
proximately 80 ns with the bimolecular rate constant of
2.70(+0.78)x 10'°M~'s™". The timescale of each reaction step is
summarized in Figure 12b. Besides the concentration dynam-
ics, we also obtained information on the temperature change
and volume expansion of the solvent. The nonreacting portion
(72 +3%) of excited I;~ ions generate heat to the environment,
which increases the temperature of the excited volume by
0.45K at early time delays. After about 10 ns, the excited
volume expands and the solvent density decreases by
0.47 kgm™ at late time delays. The changes in both tempera-
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Figure 9. a) Time-dependent concentration changes of various transient
solute species after photodissociation of the I,~ ion in methanol with

400 nm excitation. The name of each species is indicated above each trace.
The squares indicate the time points at which we obtained the scattering
data. b) Time-dependent concentration changes of various transient solute
species after photodissociation of the I;~ ion in methanol with 267 nm exci-
tation. c) Time-dependent changes of solvent temperature (red) and density
(blue) after photodissociation of the I;~ ion in methanol with 400 nm excita-
tion. d) Time-dependent changes of solvent hydrodynamics after photodis-
sociation of the I;~ ion with 267 nm excitation.

ture and density are larger with 267 nm excitation than with
400 nm excitation, probably due to a higher absorption coeffi-
cient at 267 nm and larger nonreacting portion, thus leading
to more excess energy dissipated as heat.

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Excitation Wavelength-Dependent Structural Dynamics

From the fitting analysis of the TRXL data, we revealed that
the reaction mechanism of I;~ photodissociation changes with
the excitation wavelength. With 400 nm excitation, the reac-
tion occurs through only two-body dissociation. In contrast,
with 267 nm excitation, the reaction proceeds through both
two-body and three-body dissociation with the branching ratio
of 7:3. The reaction mechanism of I;~ photodissociation depen-
dent on excitation wavelength is summarized in Figure 12.
These findings confirm that two-body and three-body dissocia-
tion pathways occur competitively on excitation at 267 nm as
suggested by a previous study.”®3? In particular, we deter-
mined the branching ratio of two-body and three-body disso-
ciation (7:3) based on the direct structural evidence obtained
from TRXL data.

The TRXL measurement is sensitive not only to structural
changes of solute molecules, but also to solute-solvent inter-
action (cage term) and solvent hydrodynamics. To distinguish
these different components constituting the TRXL signal, we
decomposed the difference RDF, rAS(r), at each time delay into
three components: the solute-only term, the cage term, and
the solvent-only term. In Figure 10, the decomposed RDFs for
400 nm excitation (black) and 267 nm excitation (red) are
shown together. At the bottom of each plot, the distances of
major atom-atom pairs are indicated as lines. The lines above
the baseline correspond to the positive contributions reflecting
the formation of reaction intermediates and products as well
as the change in their associated solvent environment, where-
as the lines below the baseline correspond to the negative
contributions reflecting the depletion of the reactant (I;~ ion)
and the change in its related solvent environment. As the reac-
tion progresses, the overall amplitudes of the oscillatory fea-
tures in the difference RDFs decrease due to geminate recom-
bination.

The solute-only RDFs extracted from the 100 ps scattering
curves with 400 and 267 nm excitations are compared in Fig-
ure 11a. The solute-only term at 100 ps was already used to
determine the reaction pathway in Figure 6 and Figure 8. The
negative peak near 6 A indicates the depletion of the |,—I; dis-
tance in the parent I;7 ion and is identical in both RDFs. In
contrast, the broad feature at 3-4 A is different in the two
RDFs. This feature arises from a combination of 1) depletion of
the |-l bond (I,—I, or I,—I5) in the parent |;~ ion (negative peak
at ~3 A) and 2) formation of the I-| bond in the I,~ ion (posi-
tive peak at ~3.6 A). The former contribution is common to
both two-body and three-body dissociation pathways, whereas
the latter is characteristic of two-body dissociation. As the con-
tribution of two-body dissociation decreases with 267 nm exci-
tation, the broad feature at 3-4 A becomes less positive ac-
cordingly.

The solute-solvent cage term, which arises from the change
of interatomic distances for 1-O,gene aNd 1—C,gpene atomic pairs,
has a positive peak at approximately 4 A and a negative peak
at approximately 5.5 A. The appearance of the positive peak at
a shorter distance than the negative peak suggests that the
average solute-solvent distance decreases due to the fragmen-
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the reactant (I;~ ion) and the change in its related solvent environment.

tation of the I;” ion and formation of smaller cages. The wave-
length dependence of the cage term is examined in Fig-
ure 11b, in which the cage RDFs at 100 ps with 400 and
267 nm excitations are compared. As three-body dissociation
generates more | atoms and |~ ions surrounded by methanol
solvent than two-body dissociation, the number of cages with
shorter solute-solvent distance increases with 267 nm excita-
tion, which results in the larger amplitude of the positive peak
at approximately 4 A.

In Figure 11¢, the solvent RDFs at 100 ps with 400 and
267 nm excitations are shown. In general, the solvent term is
dominated by the temperature increase before 10 ns and by
the thermal expansion after 10 ns. The shapes of the solvent
RDFs are the same for the two different excitation wave-
lengths, but the 267 nm RDF shows a slightly larger amplitude
than the 400 nm RDF. This observation indicates that the tem-
perature increase is larger with 267 nm excitation than with
400 nm excitation, as was discussed in the previous section.

3. Conclusions

We have investigated the structural dynamics of photodissocia-
tion of the I;~ ion in methanol solution by using TRXL. From
measurements at two different wavelengths (267 and 400 nm),
we elucidated the change of reaction mechanism of I;~ photol-
ysis depending on the excitation wavelength. Upon 400 nm
photoexcitation, the I;~ ion undergoes only two-body dissocia-
tion into I,” and |. However, upon 267 nm photoexcitation, the
I;7 ion dissociates through both two-body dissociation (I, +1)
and three-body dissociation (I” + 2I) with a 7:3 branching ratio.
At both excitation wavelengths, the transient species recom-
bine nongeminately to form the parent I;~ ion in about 80 ns.
Although previous spectroscopic studies suggested the possi-
ble involvement of the three-body dissociation pathway on ex-

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Experimental Section

Time-resolved X-ray liquidography

(TRXL) makes use of an X-ray

pulse, instead of an optical pulse,
as a probe to generate a time-resolved X-ray scattering response
that is sensitive to global molecular structure, as described in
Figure 4. By analyzing the difference scattering patterns measured
at various pump-probe time delays, the reaction dynamics can be
revealed. For the data analysis, the maximum likelihood estimation
(MLE) with the y? estimator>'*'® was employed to globally fit the
experimental curves by theoretically generated scattering curves.
The theoretical scattering curves were calculated by using the
standard diffuse X-ray scattering formula (Debye equation) based
on the molecular structures optimized by a high-level DFT calcula-
tion and the pair distribution functions, g(r), obtained from molec-
ular dynamics (MD) simulation. More details of the TRXL method
are given in the following sections and our previous studies.'>'”

Experimental Setup for TRXL Data Collection

TRXL measurement was performed by using the laser pump-X-ray
probe scheme at the beamline NW14A at KEK. Second and third
harmonic generation of the output pulses from an amplified Ti:-
sapphire laser system provided femtosecond pulses at 400 and
267 nm center wavelengths at a repetition rate of 1 kHz. The laser
pulses were stretched to approximately 2 ps by passing through
fused silica rods to avoid multiphoton excitation of the sample.
The laser beam was focused by a lens to a spot of 300 pm in diam-
eter, where the laser beam overlapped with the X-ray beam with
a crossing angle of 10°. At the sample, the pulse energy was ap-
proximately 40 to 60 wJ, which yielded a fluence of about
0.5 mJmm™2 The laser pulses were synchronized with X-ray pulses
from the synchrotron by an active feedback control loop that ad-
justed the laser oscillator cavity length, and the relative time delay
between the laser and X-ray pulses was controlled electronically.
The time-delayed X-ray pulses were selected by using a synchron-
ized mechanical chopper. A multilayer optic coated with depth-
graded Ru/C layers (d=40A, NTT Advanced Technology, Japan)
produced a Gaussian-type X-ray spectrum with the center wave-
length of 0.71 A and approximately 5% energy bandwidth. The X-
ray was used without being monochromatized. The blurring effect
to the scattering curve due to the polychromaticity was not sub-

ChemPhysChem 2013, 14, 3687 -3697 3694


www.chemphyschem.org

PHYS

(a) Solute term

——400 nm
—— 267 nm

rAS(r)

H (12)

Iy, s Iils
0 2 4 6 8 10
riA

(b) Cage term

=
(]
g
Ll
1
IOsnent I Caoent
0 2 4 6 8 10

riA
(c) Solvent term

rAS(r)

riA

Figure 11. Decomposed difference RDFs, rAS(r), at 100 ps time delay. The
difference RDFs with 400 nm excitation (black) and 267 nm excitation (red)
are shown together. a) In the solute term, as the contribution of two-body
dissociation (I,”) decreases with 267 nm excitation, the broad feature at 3—-
4 A becomes less positive. b) In the cage term, since three-body dissociation
generates more | atoms and I~ ions surrounded by methanol solvent than
two-body dissociation, the number of cages with shorter solute-solvent dis-
tance increases with 267 nm excitation, thus resulting in the larger positive
peak at approximately 4 A. c) In the solvent term, the shapes of the RDFs
are the same for the two different excitation wavelengths, but the 267 nm
RDF has a slightly larger amplitude than the 400 nm RDF, thus indicating

a larger temperature increase with 267 nm excitation than with 400 nm exci-
tation.

stantial and was properly corrected by the polychromatic correc-
tion. The 100 ps long (full width at half maximum) X-ray pulses
with 3x 108 photons per pulse were focused into a 267 x 290 um?
spot at the sample. The scattering patterns were collected with an
area detector (MarCCD165, Mar USA) with a sample-to-detector
distance of 40 mm. A 10 mM solution of I;~ ions (KI+1, with 1:1
molar ratio) in methanol was circulated through the sapphire
nozzle with 300 um thick aperture and photoexcited by laser
pulses. The laser-off images were acquired with the X-ray pulse ar-
riving 3 ns earlier than the laser pulse (that is, time delay=—3 ns)
to eliminate the contribution of the (unexcited) ground-state reac-
tants. These laser-off images were used as a reference for calculat-
ing the time-resolved difference X-ray scattering patterns. A laser-
off image was collected per three or four laser-on images to com-
pensate for slow drifts of the X-ray intensity in the beamline. The
scattering curves were measured at the following time delays:

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 12. The reaction mechanisms of I;~ photodissociation at a) 400 and
b) 267 nm are summarized. The branching ratio and the timescale of each
reaction step are indicated.

—3ns, —100ps, 100 ps, 300ps, 1ns, 3ns, 10ns, 30 ns, 50ns,
100 ns, 300 ns, 1ps, and 3 ps. To achieve a high signal-to-noise
ratio, more than 50 images were acquired and averaged at each
time delay.

Computational Details of DFT Calculations

All molecular structures were optimized by using the density func-
tional theory (DFT) method.® Subsequent harmonic vibrational
frequency calculations were performed on the optimized molecular
structures. We used the recently developed ®wB97X functional®” as
DFT exchange-correlation functional. It was found that ®wB97X pro-
vides quite reasonable results for the molecular structures contain-
ing iodine atoms. To treat the scalar relativistic effect of iodine, we
used the aug-cc-pVTZ-PP small-core relativistic effective core po-
tential (RECP).*¥ We also used the integral-equation-formalism po-
larizable continuum model (IEFPCM) method™ to describe the sol-
vent effect implicitly. All DFT calculations were performed by using
the Gaussian 09 program.”® Structural parameters are summarized
in Table 1.

Data Analysis

Theoretical X-ray scattering intensities were calculated by using
standard diffuse X-ray scattering formulas. The theoretical differ-
ence X-ray scattering curve, AS(q,t)peor, includes three compo-
nents, that is, a solute-only term, a solute-solvent cross term, and
a solvent-only term [Eq. (1)]:

As(q7 t)theow = AS(q, t)sulute only + As(qa t)solute—solvent + As(q t)solvent only
= |05, —5,(a) Y- cl0) | + (95/0T), AT (1) + (05/0p)r Ap(t)
k k

M

in which k is the index of the solute species and ¢(t) is the frac-
tional concentration of each solute species as a function of time t.
The solute-only term was calculated by the Debye equation using
the molecular structures of solute species optimized by DFT calcu-
lation. We assumed that the scattering form factors of iodine
atoms are all equal irrespective of the chemical species they
belong to. The solute-solvent cross term was calculated by the
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Debye equation using the pair distribution functions obtained
from MD simulation. The solvent-only term was obtained by a sepa-
rate solvent-heating experiment in which the pure solvent was vi-
brationally excited by near-infrared light.

Fitting and Error Analysis

To extract the structure of the I;~ ion from the difference scattering
intensity, the MLE with the %? estimator®''® was employed with
seven variable parameters. The variable parameters were five rate
constants for all the reaction steps of photodissociation and re-
combination of the I;~ ion (two-body dissociation, three-body dis-
sociation, |, formation, recombination into I,~ ion, and recombina-
tion into 1;7), quantum vyield, and scaling factor. The chi-squared
() value is given by Equation (2):

Xz(khkm ks, kq, ks, Q,A)

:N—p—1 o?

i

1 (Astheory(qi) — Asexpt(qr'))2
2
)

in which N is the total number of g points (=1080 for our experi-
mental data), p is the number of fitting parameters (=7 without
any constraint), and o; is the standard deviation at /" g point. The
likelihood (L) is related to x* by Equation (3):

L(k'l ) k27 k37 k47 k57 Q’A) X exp(—X2/2) (3)

The errors of multiple fitting parameters are determined from this
relationship by calculating the boundary values of 68.3% of the
likelihood distribution. The calculation was performed by the
MINUIT software package and the error values were provided by
the MINOS algorithm in MINUIT. As we used the standard deviation
of the measurement for calculation of y? the quality of the fit
became better as y* approached 1.
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